We deployed an extremely dense temporal seismic network in the source region of the 2004 mid-Niigata Prefecture Earthquake (thrust fault) on October 23, 2004, Japan. The seismic network consisted of 145 temporary seismic stations within a 30 km squared and had been kept within approximately a month after the mainshock. High accurate hypocenters of 708 events were determined by inverting the arrival times using double-difference earthquake location algorithm. The aftershocks along the mainshock (M w = 6.6) and the largest aftershock (M w = 6.3) rupture zones are distributed on two 60
Introduction
The 2004 mid-Niigata Prefecture Earthquake of M w 6.6 occurred in the backarc area of the main Japanese Island as a shallow inland earthquake at 17:56 (JST = UT + 9 hours) on October 23, 2004, causing serious seismic damage and landslides in and around the source region. The focal mechanism of this earthquake, determined by the centroids moment analysis (NIED: National Research Institute for Earth Science and Disaster Prevention), was of a reverse fault type with a strike of approximately N35
• E (Fig. 1) . The mainshock was followed by significant aftershock activity, and the number of large aftershocks (M > 4) was significantly greater than that associated with other recent inland earthquakes in Japan (Aoki et al., 2005 , Japan Meteorological Agency (JMA) catalog). Four especially large aftershocks (M > 6) occurred at 18:03, 18:11, and 18:34 (the largest aftershock) on October 23 and at 10:40 on October 27.
The focal area was located in the eastern margin of a thick Miocene-Pleistocene sedimentary basin (Niigata Basin), characterized by a NNE-SSW trended anticlinesyncline system that forms the Uonuma Hills (Yanagisawa et al., 1986) (Fig. 1) . Basement rocks older than 30 Ma are Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
widely exposed on the eastern side of the basin. A structural boundary between the western basin and the eastern basement corresponds to the Muikamachi Fault (MU in Fig. 1 ) and its northeastward extension. Geological studies indicate that the thick sedimentary basin was formed in a rift structure with a normal fault system that developed during the extension stage of the Japan Sea (Sato, 1994) . The normal fault system has subsequently been reactivated as a reverse fault system owing to a change in the tectonic stress regime from extension to compression. Surface folding has been well developed around the source region since 3.5 Ma.
In Japan, dense seismic telemetry networks have been deployed by the NIED, the JMA, and several universities; the average spacing of stations in the network is approximately 20 km. However, in the case of the aftershocks associated with the mid-Niigata Prefecture Earthquake, these networks are insufficient for detailed study such as resolving dips of the fault planes ruptured by the mainshock and some large aftershocks. Consequently, several research groups in Japan deployed temporary seismic stations following the mid-Niigata Prefecture Earthquake. Intensive researches such as hypocenter relocations, focal mechanism, seismic tomography and imaging of reflection planes or scatterings in the crust, have been conducted by several groups using data recorded at temporary seismic stations (e.g., Sakai et al., 2005; Kato et al., 2005a; Okada et al., 2005; Shibutani et al., 2005; Matsumoto et al., 2005) . The results of the previous studies suggest that the complex structures associated with crustal stretching and folding have the potential to nucleate the mainshock and trigger a sequence of large aftershocks. However, more detailed analyses of the crustal heterogeneities associated with the nucleation of the mainshock are needed in order to elucidate the relationship between the crustal structures and the earthquake generation process. Since previous studies used seismic data derived from each research group, the spatial resolutions of crustal heterogeneities are obviously limited. In order to increase the spatial resolutions of crustal heterogeneities, we merge seismic data (arrival times and waveforms) for 708 aftershocks simultaneously observed at temporary stations installed by the research groups. Total number of the temporary seismic stations reaches 145 in and around the source region. High-resolution hypocenters of 708 events are determined by the double-difference relocation algorithm (Waldhauser and Ellsworth, 2000) using differential arrival times obtained by both the manually-picked and the waveform cross-correlation method. Hypocenters with high-accuracy are expected to be useful seismic sources to image the detailed crustal heterogeneities associated with the mainshock generation process in the future studies.
Data and Earthquake Relocation Methods
The seismic network in the present study consisted of 145 three-component temporary stations and 28 permanent stations located within a radius of 70 km from the center of the source region (Fig. 1) . Each temporary seismic station was equipped with a 0.2-, 0.5-, 1-, 2-, or, 4.5-Hz seismometer, of which signals were recorded continuously at a sampling rate of 100, 125, or 200 Hz, and with a GPS receiver to maintain the accuracy of the internal clock within 1 ms. The permanent seismic stations observed waveforms at a rate of 100 Hz. The format of merged waveform data is the win-format (Urabe, 1994) . Figure 2 shows history of the temporary seismic station deployment after the mainshock. The number of temporary stations increased with elapsed time. The spatial interval of stations is averaged to be roughly 2 km in the source region. We manually picked P-and S-wave arrival times of observed events and visually read their first motion data from the waveforms. The arrival times for the P-and Swave reach 61,482 and 55,680, respectively. The data-size of waveforms and arrival times is roughly 1.6 GB.
To estimate the detailed hypocenter in the source region, the double-difference earthquake relocation technique (hypoDD) (Waldhauser and Ellsworth, 2000) was applied to the P-and S-wave data. 'Double difference' denotes the difference between the arrival time residuals for two events obtained at a particular station; it corresponds to the difference between the observed and calculated arrival time differences. The double-difference relocation technique enables us to determine hypocenters with high-resolution, because effects of errors in the crustal structure and arrivaltime reading can be effectively minimized. We used differential arrival times obtained by the manually-picked and waveform correlation method.
In this analysis, we used the 708 aftershocks listed in the JMA catalog (for the period between Oct. 27 and Nov. 23) and observed by the very dense seismic network. The initial hypocentral locations of the events used for hypoDD analysis were determined by applying a maximum likelihood estimation algorithm (Hirata and Matsu'ura, 1987) to the observed arrival times. We employed one-dimensional velocity structure with a V p /V s value of 1.73 as shown in Fig. 3 . This model is derived from the average velocity structure between two velocity models for the northwestand southeast-side of the Muikamachi-fault (Sakai et al., 2005) . From previous studies (e.g., , it is observed that at shallow depths of less than 3 km, the northwest side of the Muikamachi Fault has a significantly lower velocity than that on the southeast. Furthermore, a station correction for each seismic station has been evaluated using average values of travel time residuals at each station (Fig. 4) . Then, we adopted the station corrections to locate the initial hypocenters for hypoDD analysis.
Then, hypoDD algorithm was applied to the double difference data using the initial hypocenters evaluated through the procedures mentioned above. The differential arrival times for the manually picked P-and S-wave reach 601,576 and 508,794. We also used the differential arrival times obtained by the waveform cross-correlation method (Schaff et al., 2004) . For band-pass-filtered seismograms with a passband of 2-10 Hz, the correlation measurements were conducted by aligning the nearest sample using 1.0 s window lengths beginning 0.4 s before the manually picked arrival time and then computing the double difference time to subsample precision using time-domain cross-correlation. We fitted a parabola in the time domain in the vicinity of the peak of the cross-correlation function (Schaff et al., 2004) . We used a measurement of similarity to determine the threshold criteria for calculation of the double difference data; the normalized cross-correlation coefficient (C c : timedomain) C c >85%. After applying this cut-off, we were left with a data set of more accurate differential arrival times that contained 199,261 P-wave observations and 104,202 S-wave observations for use in hypoDD algorithm. We performed first 10 iterations during which we down-weighted the cross-correlation data in order to allow the manuallypicked data to draw the large scale picture of hypocenter distributions. For the next 5 iterations, we weighted the waveform cross-correlation data by a factor of 10 relative to the manually-picked data (Waldhauser and Ellsworth, 2000) . The hypoDD algorithm inverted the weighted differential travel time residuals for event separation. The root mean square (rms) residuals decreased from 153 ms to 85 ms, and from 120 ms to 25 ms, for manually-picked and cross-correlation data, respectively.
In order to assess the reliability of the hypocenter calculations, we apply a statistical resampling approach to all events (bootstrap method; Shearer, 1997) . For the final hypocenter, we calculated the synthetic arrival time data by adding random noises which are distributed within ±80 ms for the manually picked data and ±25 ms for the waveform cross-correlation data. We then relocated all events using these resampled data to determine a shift in the location from the final hypocenter. The process was repeated 200 times for each event. We calculated a variance-covariance matrix of the synthetic hypocenters to evaluate the uncertainty. The location error is defined as σ (σ : standard deviation for the amount of the shifts) for each direction, which contains 68% of the relocated events with resampled data. Relative location errors in the horizontal and vertical directions are averaged to be 40 m and 80 m, respectively. Velocity(km/s) Fig. 3 . Velocity model employed in the earthquake relocation. Figure 5 shows the epicenter distributions of relocated aftershocks. Most of the epicenters are aligned along the fault-strike (N35
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• E). However, epicenters of aftershocks in the southwestern region are aligned along N15
• E, and rotate approximately 20
• counterclockwise from the faultstrike (I-J and K-L in Fig. 5 ). This rotation of the aftershock alignments coincides with the rotation of anticline axes (HA and TA in Fig. 5 ) in the southwestern area of the source region. This indicates that the surface geological structures such as anticlines or synclines observed in the source region are related to deep crustal movements associated with the mainshock rupture.
The depth sections of aftershocks reveal that the mainshock and the largest aftershock occurred on two 60
• westward-dipping planes, located approximately 5 km apart (Fig. 6) . Conversely, the Oct. 27 event occurred on an eastward dipping plane with a dip angle of 25
• that was conjugate to the mainshock fault plane. The aftershock distributions are similar to those revealed by previous studies (e.g., Sakai et al., 2005; Shibutani et al., 2005) . The dip angles of aftershock alignments associated with the three events are consistent with focal mechanisms determined by NEID (Fig. 5) .
Other planes associated with moderate-magnitude aftershocks dip to the west or east. For example, along the crosssection of G-H in Fig. 6 , one of the eastward-dipping planes can be seen near the bottom edge of the mainshock fault plane (outlined by broken ellipse). These estimated planes are conjugate to the mainshock fault plane. Furthermore, most of aftershocks at both northeastern and southwestern edges occurred at shallow depths with eastward-dipping planes (A-B, C-D, I-J in Fig. 6 ). At the northeastern edge, aftershocks are concentrated at shallower depths than those at the southwestern edges. Reliable description about these aftershocks aligned on the eastward-dipping planes has not yet been given in the previous studies. We compared the distributions of hypocenters determined by the present study with ones by a previous study (Sakai et al., 2005) . The whole hypocenter distribution is similar between those two studies. A centroid of the hypocenter distribution in the present study is, however, shifted by approximately 0.5 km in the horizontal eastward and 1.1 km shallower, because of the different velocity structures adopted in the hypocenter relocation for each study. Figure 4 shows the distributions of the station-corrections estimated for P-and S-waves. Each station-correction reflects velocity structure not only at the vicinity of a station, but also along ray-paths from aftershocks to the station. If station-corrections vary from station to station in a region, we can infer the heterogeneities in the velocity structure to (Takeda et al., 2006) . some extent. From Fig. 4 , it is clearly observed that stationcorrections for P-and S-waves are largely positive at the western side of the Muikamachi-fault and its northeastward extension. In contrast, the station-corrections are negative at the eastern side. These results indicate that the average velocity in the hanging wall of the mainshock fault is lower than that in the foot wall. This result is consistent with seismic three-dimensional tomography studies which showed that the seismic velocities in the hanging wall on the western side were lower than those in the footwall on the eastern side (Kato et al., 2005a; Okada et al., 2005) . Note also that the station-corrections in the hanging wall of western side in the aftershock area vary along the faultstrike. Station-corrections are small and negative in the central area northeast of the mainshock epicenter, while they are large and positive in the area southwest of the epicenter. In the central area, large amount of seismic moment were released during the mainshock (e.g., Hikima and Koketsu, 2005) . These results suggest that the average velocity of the mainshock rupture area (central area) is higher than the periphery of the source region in the hangingwall, especially compared with the southwestern side of the hypocenter. It is worthwhile to note that these variations of the velocity structures in the hanging wall along the fault strike are fairly consistent with those imaged by the three-dimensional tomography analysis (Kato et al., 2005a; Okada et al., 2005) .
Conclusions
We deployed the extremely dense seismic network consisting of 145 seismic stations around the thrust fault associated with the 2004 mid-Niigata Prefecture Earthquake. Each section corresponds to the rectangle area drawn in Fig. 5 . The strike of the cross section is 55 • from north to west, which is selected to be perpendicular to the direction of the mainshock fault-strike. Four large events on Oct. 23 are shown by stars with error ellipsoids (Kato et al., 2005b) .
We obtained the highly accurate hypocenters by the doubledifference earthquake relocation algorithm. Relative location errors in the horizontal and vertical directions are estimated to be 40 m and 80 m, respectively. Such hypocenters with high-accuracy are expected to be useful seismic sources to image the detailed crustal heterogeneities asso-ciated with the mainshock generation process. The depth sections of aftershocks reveal that the mainshock and the largest aftershock occurred on two 60
• westward-dipping planes, located approximately 5 km apart. Conversely, the Oct. 27 event occurred on an eastward dipping plane with a dip angle of 25
• that was conjugate to the mainshock fault plane. Most of aftershocks at both northeastern and southwestern edges occurred at shallow depths with eastwarddipping planes. Epicenters of aftershocks in the southwestern region are aligned along N15
• counterclockwise from the strike of the mainshock fault. This rotation of the aftershock alignments coincides with the rotation of anticline axes in the southwestern area of the source region. It should be noted that the distributions of station-corrections are consistent with the crustal structures imaged by the three-dimensional tomography analysis.
